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Frequent but biased class switch recombination in the Sm
flanking regions 
Chung-Gi Lee, Shigeru Kondo* and Tasuku Honjo
Immunoglobulin (Ig) heavy chain class switch
recombination occurs mainly by joining two switch (S)
regions, segments of tandemly repeated DNA
sequences that lie upstream of heavy chain constant
region genes. The products of this recombination event
are a chromosomal DNA joint and a ‘looped-out’
circular DNA joint. Although a previous study showed
that 40% of chromosomal joints in the m gene switch
region (Sm) are found in the flanking regions of Sm,
which do not contain typical Sm region repeats [1], other
studies revealed that almost all recombination sites on
looped-out circular DNA are found within S regions
[2–4]. To resolve this discrepancy, we have isolated and
sequenced 164 DNA fragments containing
recombination joints from both chromosomal and
looped-out DNA of a single cell line, the murine B
lymphoma line CH12F3, which switches from IgM to IgA
production with a high frequency upon cytokine
stimulation [5]. The recombination sites were
distributed almost evenly in the Sm region and its
flanking regions, suggesting that the final joining of
DNA ends may not necessarily take place in S regions.
In contrast, there were few joining sites in the exon
located 5¢ of the switch region (the Im exon), suggesting
that the 3¢ end of the Im exon might be the upstream
border of the recombination joint. 
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Results and discussion
To determine whether recombination joints found
outside the S region [1] are primary products of class
switch recombination, DNA fragments containing switch
recombination joints were amplified by PCR using
various combinations of primers (Figure 1) from DNA iso-
lated from cytokine-stimulated CH12F3 cells [5]. The
recombination efficiency in CH12F3 cells after cytokine
stimulation for 24 hours was 15–20% as estimated from
the percentage of class-switched IgA-positive cells by flu-
orescence-activated cell sorting analysis, whereas recom-
bination efficiency in uninduced CH12F3 cells was less
than 0.3% (data not shown). The primer combination
µR4/αF1 amplifies typical recombination joint fragments
between switch regions of the µ and α genes (Figure 1b,
lanes 10–12). When DNA from induced CH12F3 cells
was used as the template for PCR amplification, no dis-
crete bands were seen upon agarose gel electrophoresis,
but a smear containing a mixture of diverse DNA frag-
ments was visible. The primer combinations µR3/αF1
and µR5/αF1 amplify, respectively, joint fragments
between Sα and the upstream (Figure 1b, lanes 7–9) or
downstream (Figure 1b, lanes 13–15) regions proximal to
Sµ. When DNA from switch-induced CH12F3 cells was
amplified with these primer combinations, we consis-
tently obtained a smear similar to that seen in the amplifi-
cation with the µR4/αF1 primers. We obtained a smear
even when a more upstream µ primer, µR2, was used
(Figure 1b, lanes 4–6). The intensity of ethidium bromide
staining was lower and the DNA was of lower molecular
weight than when the more downstream µ primers were
used. Because DNA from uninduced CH12F3 cells or
control liver DNA did not yield smears upon amplifica-
tion, the smear seen with DNA from cytokine-stimulated
CH12F3 cells must have derived from switch-junction-
containing fragments which were made during the
24 hours of cytokine induction. Therefore, switch recom-
bination appears to occur in this far upstream region of Sµ
to some extent. On the other hand, discrete bands were
obtained when using the primer µR1, which anneals to a
sequence in the Iµ exon 5′ to the switch region
(Figure 1a, lanes 1–3). These bands are likely to be PCR
artefacts because similar-sized bands appear with variable
intensity in all the lanes. This result suggests that switch
recombination rarely occurs in the Iµ exon.
To compare the frequencies of switch recombination in
the Sµ and non-Sµ regions, we used the primers µF2 and
µR5, which anneal to sequences close to the borders of
the Sµ region (Figure 2). With these primers and appro-
priate primers for the Sα region, chromosomal and circular
DNA fragments containing joints in Sµ as well as non-Sµ
regions can be amplified simultaneously. For the 5′ flank-
ing region of Sµ, 26 randomly selected clones of DNA
amplified with the primers µF2 and αR1 were sequenced.
The junction points were found to be evenly distributed
in the Sµ and adjacent non-Sµ regions (Figure 2, chromo-
somal joint). Class switch recombination thus appears to
occur in the 5′ non-Sµ region as frequently as in the Sµ
region. Similar results were obtained for the non-Sµ
region 3′ to Sµ by sequence analyses of 16 randomly iso-
lated clones of DNA amplified with the primers αF1 and
µR5 (Figure 2, circle joint). Thus, recombination sites
were also distributed randomly in the Sµ and its 3′ flank-
ing regions. 
Similar experiments were carried out on spleen B cells
stimulated with lipopolysaccharide (LPS) and transform-
ing growth factor β (TGFβ). As the frequency of produc-
tion of IgA+ spleen B cells after LPS and TGFβ
stimulation is very low, we amplified recombination prod-
ucts by PCR using primers µR3 and αF1 and detected
smeary bands by Southern blot hybridization analysis.
Smeary bands were obtained when spleen B cells stimu-
lated for three days were analyzed and less smearing was
seen in cells stimulated for four days partly because of
massive cell death in the culture (Figure 1b, lanes 16–21).
The results confirmed that switch recombination can
occur in the 5′ non-Sµ region of normal B cells. This
finding was further confirmed by sequencing five clones
containing recombination fragments amplified as above
(data not shown).
In our experiments, template DNA was prepared only
24 hours after cytokine stimulation of CH12F3 cells. It is
quite unlikely that the non-Sµ joints are the products of
secondary genetic events. We detected both chromosomal
and circle joints outside the Sµ region, and these findings
are obviously in agreement with each other. Our results
are consistent with studies of chromosomal joints in
myelomas, lymphomas and hybridomas [1]. In contrast,
the recombination sites from deleted circle DNA fall
almost exclusively within the Sµ region [2–4]. The
restricted distribution of the joint sites from deleted
circles might reflect the choice of restriction enzymes and
bacteriophage vectors in those studies because the pack-
aging efficiency of the vectors is quite sensitive to the
insert size. 
Analysis of DNA fragments amplified using the µR2/αF1
primer combination revealed that recombination sites
were distributed close to the proximity of the µR2 priming
site (Figure 3, group 1). Few recombination joints were
found within the Iµ exon. Analyses of the chromosomal
fragments amplified with the αR1/µF1 primer pair gave
consistent results (Figure 3b, group 2). Among 59 clones
analyzed, only six were found to have a joint within the Iµ
exon which spans 735 bp, whereas 24 clones had joints
within the 80 bp region immediately 3′ to the Iµ exon.
Taken together with the fact that µR1, which primes at a
site located 611 bp 5′ to that of µR2, does not amplify any
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Figure 1
(a) Schematic representation of the looping-
out mechanism for immunoglobulin heavy
chain µ/α class switch recombination and
location of primers used in this study. The µ
regions are shaded but not the α regions.
(b) PCR amplification products of circular
DNA fragments containing recombination
joints. Lanes 1–15, total cellular DNA (0.5 µg)
from recombination induced (+) or uninduced
(–) CH12F3 cells or from mouse liver (L) was
subjected to PCR using the indicated primer
pairs. Class switch recombination in CH12F3
cells was induced by treatment with
interleukin 4, CD40 ligand and transforming
growth factor β (TGFβ) for 24 h [5]; lanes
16–21, Southern blot of PCR products
amplified using the µR3/αF1 primer pair and
hybridized to an end-labeled internal
oligonucleotide probe, µS2, located 105 bp
upstream of µR3 primer. Spleen cells were
obtained from 6-week old female BALB/c
mice and, after elimination of Thy-1+, CD4+
and CD8+ T cells [11], were cultured in the
same RPMI1640 media as above in the
presence of lipopolysaccharide (LPS,
50 µg/ml) and TGFβ1(2 ng/ml) for the number
of days indicated (lanes 18–21). The
amplified products were blotted to Hybond+
filter. CH12F3 cells stimulated similarly for
one day were used as a control. Relative
positions of the primers used are shown in (a).
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junction fragment (Figure 1b, lanes 1–3), it is likely that
the 3′ end of the Iµ exon is the upstream limit of switch
recombination. On the other hand, when the primer pairs
µR3/αF1 (Figure 3, group 3) or µR4/αF1 (Figure 3,
group 4) were used, the junction sites appeared to be
evenly distributed within the fragments amplified from
both Sµ and its flanking regions. There appears to be no
other obvious border of the recombination site in Sµ and
its 5′ flanking regions. 
Sequence motifs such as GAGCT or GGGGT, which are
related to the GGGGT(GAGCT)3 consensus sequence of
the mouse Sµ repeats, are scattered outside the typical Sµ
region (Figure 2). In the flanking regions of Sµ, the fre-
quency of recombination joints occurring in the 5 bp Sµ-
like motif did not greatly exceed the expected distribution
from the relative length of the total Sµ-like motif
sequences in these regions, indicating that there is no
preference of the joint site for the Sµ consensus motif
sequence in the non-Sµ region.
We have also examined whether the recombination joints
in 103 circular DNA and 61 chromosomal DNA fragments
have deletions or insertions. The majority of the recombi-
nation joints were precise and only 16.5% of circular and
16.4% of chromosomal joints contained short (1–3 bp)
insertions, which appeared to be of random sequence
(Figures 2,3). No deletions were identified at the recom-
bination sites, indicating that the recombination joints
identified in the present study reflect the actual recombi-
nation sites. In agreement with previous studies [1], we
did not find any conserved sequences surrounding recom-
bination sites.
It has been well established that the S region is required
for switch recombination, but we have shown that the
final joining of broken ends of DNA may not necessarily
take place in the S region. It is nevertheless likely that the
initiation of switch recombination may depend on the S
region. Because genes in the heavy chain constant (CH)
region are arrayed on approximately 200 kb DNA, the
putative recombination machinery will first need to bring
the CH genes of two specific immunoglobulin classes into
physical proximity. This reaction may require either S-
region-specific-binding protein(s) which recognize
tandem repeats of each S region or S-region-specific acces-
sibility coupled with S-region non-specific binding
protein(s). Subsequently, recombination might be cat-
alyzed by a machinery that is separate from the binding
protein(s) and that targets the activated locus regardless of
the S sequences per se. This mechanism may also explain
interchromosomal translocation of the c-myc oncogene to
the proximity of the Cα exon, which is frequently found in
B-cell malignancy. There is no obvious sequence speci-
ficity of the recombination site [6]. The putative switch
recombinase machinery may be able to attach two juxta-
posed activated regions and to recombine them outside
the S region.
We found that the clear upstream limit of switch recombi-
nation in the 5′ Sµ flanking region is located close to the 3′
end of the Iµ exon. This finding is reminiscent of a previ-
ous report that the frequency of γ1-specific switch recom-
bination dramatically decreases when the 3′ end of the Iγ1
exon is deleted [7]. As the region contains the splice donor
site, the authors proposed that the spliced germline tran-
script per se, which starts from the I exon promoter and
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Figure 2
Recombination joints around the borders of
the Sµ region are shown by the diagrammatic
representation of the chromosomal joint
fragments amplified using the µF2/αR1 primer
pair, and the circle joint fragments amplified
using the µR5/αF1 primer pair. Vertical lines
represent the positions of the 5 bp consensus
sequence (GAGCT or GGGGT) of the Sµ
repeats. The 5′ and 3′ borders of the Sµ
region in the map were obtained from the
Genbank sequence. The Sµ and Sα region
sequences in clones obtained are
represented below by the closed and open
bars, respectively. Open triangles indicate
1–3 bp insertions at the junction. The
positions of µ region recombination
breakpoints are assigned in the context of
genomic DNA.
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ends at the end of the C genes, might be involved in the
recombination event. The splicing of the µ germline tran-
script gives rise to two kinds of molecules, a joined coding
RNA and a spliced intron which contains the Sµ region
sequence. If the joined coding RNA hybridizes to chromo-
somal DNA, it could form a loop of the Sµ region, which
becomes accessible to the putative recombinase. The
looped region begins at the 3′ end of the Iµ exon [7,8].
Such a structure is possible through the formation of
either triple-stranded RNA–DNA or a combination of het-
eroduplex RNA–DNA and single-stranded DNA. Alterna-
tively, the spliced intron RNA might also hybridize to the
chromosomal DNA and form the complexes as described
above beginning at the 3′ end of the Iµ exon [9,10]. In
either case, this model is consistent with both the require-
ment of the Iµ exon splice donor site and the absence of
Sµ recombination sites in the Iµ exon. 
Materials and methods
Using a standard procedure, genomic DNA was extracted from
CH12F3 cells and splenocytes that were cultured, respectively, for
24 h or 3–5 days to induce switch recombination. High molecular
weight DNA was digested for 3 h at 37°C with RNAse and EcoRI;
PvuII was used in the experiments depicted in Figure 1b (lanes 1–3)
and Figure 3, group 2). PCR primers were designed by the Oligo
Program (Takara Shuzo, Japan). For the Sµ and Sα regions, unique
sequence stretches were selected for primer design. Junction frag-
ments were amplified using nested PCR. For the first run, 0.5 µg tem-
plate DNA was amplified in a 50 µl reaction containing 50 mM KCl,
10 mM Tris-HCl pH 8.3 and 2.5 U Taq Polymerase. Cycling conditions
were 30 cycles of 94°C for 30 sec, 62°C for 1 min and 72°C for 2 min.
The PCR products were purified using a Qiagen PCR prep kit, and a
hundredth of the purified DNA was subjected to a second PCR using
second primers which anneal to sequences less than 85 bp away from
the first primers. Cycling conditions were as above, except that only 20
cycles were performed. Sequences and positions of the primers used
are documented in the Supplementary material section published with
this paper on the internet. The final PCR products were subjected to
1% agarose gel electrophoresis in order to remove the primers and
very short DNA fragments. DNAs were recovered by Qiaquick GEL
extraction kit (QIAGEN) and ligated to the prepared pGEM-T vector,
then transformed into DH5α competent cells. Plasmid DNAs were puri-
fied with Wizard Plus Minipreps DNA Purification system (Promega)
and sequenced with ABI PRISM 377 DNA sequencer (Perkin Elmer).
Supplementary material
Sequences and positions of the primers used are documented in the
Supplementary material section published with this paper on the internet.
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Figure 3
The junction fragments both upstream and within the Sµ region. Four
sets of primers were used to amplify junction fragments.
Recombination breakpoints of the µ region are mapped on the
genomic DNA. The upper and lower parts of the figure show circle
(1, 3 and 4) and chromosomal (2) joints, respectively. The µ region
sequences are shaded and α region sequences are not. Open
triangles indicate 1–3 bp insertions at the junction.
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Materials and methods
Primers and oligonucleotide probe
µF1(first) 5′-CCGAGGAATGGGAGTGAGGCTCTCT-3′, nucleotides
3116–3140 of MUSIGCD07 (GenBank accession number J00440);
µF1(second) 5′-GCAAGGCTATTTGGGGAAGGGAAAA-3′,
nucleotides 3283–3307 of MUSIGCD07; µF2(first) 5′-TAGTAAGC-
GAGGCTCTAAAAAGCAT-3′, nucleotides 5031–5055 of
MUSIGCD07; µF2(second) 5′-GCTTGAGCCAAAATGAAGTAGACT-
3′, 219 bp from Sµ and corresponding to nucleotides 5140–5163 of
MUSIGCD07; µR1(first) 5′-TTGTGAAGCCGTTTTGACCAGAATG-3′,
nucleotides 3773–3797 of MUSIGCD07; µR1(second) 5′-GAGAC-
CAATAATCAGAGGGAAGAAT-3′, nucleotides 3655–3679 of
MUSIGCD07; µR2(first) 5′-AACAGGCAACATTTTTCTTTTACTA-3′,
nucleotides 4359–4383 of MUSIGCD07; µR2(second) 5′-CTCCCC-
CTAAAGCAATGACTGAAGA-3′, nucleotides 4266–4290 of
MUSIGCD07; µR3(first) 5′-AGAACAGTCCAGTGTAGGCAGTAGA-
3′, nucleotides 5270–5294 of MUSIGCD07; µR3(second) 5′-GTT-
TAGCTCTATTCAACCTAGATTA-3′, nucleotides 5245–5269 of
MUSIGCD07; µR4(first) 5′-GATCCCAGCGCAATCTGGCTCACTT-
3′, nucleotides 1076–1100 of MUSIGCD09 (GenBank accession
number J00442); µR4(second) 5′-AGCCTAATTGATTCTTG-
GTTCTTGG-3′, nucleotides 1052–1075 of MUSIGCD09; µR5(first)
5′-GCCAGTTCAACACATCCAACCAGTC-3′, 510–534 bp down-
stream of the 3′ end of Sµ (sequenced for this study); µR5(second) 5′-
CATCCAACCAGTCCAGCTCAGCATA-3′, 501–525 bp downstream
of the 3′ end of Sµ (sequenced for this study); αF1 5′-
TCAATAACTGGGCTAATCCAAGCTA-3′ nucleotides 2238–2262 of
MUSIALPHA (Genbank accession number D11468); αR1 5′-
CCTCAGTGCAACTCTATCTAGGTCT-3′, nucleotides 4182–4206 of
MUSIALPHA; µS2 internal oligonucleotide probe 5′-GCTTGAGC-
CAAAATGAAGTAGACT-3′, nucleotides 5140–5163 of
MUSIGCD07.
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